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The dissociation of molecular species (e.g. H2, N2, O2, hydrocarbons, nitrogen oxides) on metal hot filaments (HFs) constitutes a scalable, three-dimensional (3-D), large-area radical source with application in the chemical vapor deposition (CVD) of diamond films [1-3] and Si-containing layers for solar cells [4], in the deposition of materials like GaN [5], SiO2 [6], and Al2O3[7], in etching [8], in boron and nitrogen doping [9-11], and in surface treatments (e.g. cleaning [12], modification [13] and nitridation [14]). HF sources have also limitations, including limited filament durability (e.g. as a result of carburization or oxidation) and possible contamination of the target/coating by trace quantities of filament material (especially when operating at high filament temperatures and with reactive source gases). 

Despite many prior experimental and theoretical studies [15-17], catalytic dissociation processes remain a topic of intensive research, with many unresolved problems and puzzles. Advanced experiments and theoretical methods have revealed many details of molecular dissociation processes on a bare metal surface under high vacuum conditions, e.g. one- and higher-dimensional potential energy landscapes, activation barriers, sticking coefficients derived by classical trajectory calculations or quantum mechanical treatments, tunneling and non-adiabatic effects, the role of the metal structure, of impurities and defects, the effects of (ro)vibrational excitation and the orientation/alignment of the incident gas phase molecules [17-19]. Many such details are probably not directly applicable to most practical radical sources (i.e. HFs, operating in reactive gas mixtures at high filament temperatures (Tf >2000 K) [20,21]). The present study focuses on such sources, and seeks to establish ‘effective’ dissociation mechanisms (and their dependence on reactor parameters, and the close interactions between the gas and surface phases) as revealed by in-situ gas phase concentration measurements and accompanying reactor modeling.

We have previously applied a similar combined experimental-theoretical approach to studies of the catalytic dissociation of H2 and N2 in HF reactors with Ta and W HFs at Tf  >2000 K [21,22]. Using 2-D modeling (for the dissociation of N2) or analytical solutions (for H2 dissociation) for the gas temperature and atomic concentration distributions in the near-HF region and in the entire reactor, along with a two-step mechanism of the effective gas-surface reactions, we have sought to provide a self-consistent description of the gas pressure (p) and Tf dependences of the measured H and N atom concentrations. The same approach (i.e. atomic concentration measurements, together with 2-D reactor modeling and an effective two-step reaction mechanism) is now extended to studies of the catalytic dissociation of O2 on an iridium HF surface [23], and we also consider some of the additional complications that raise when extending such a catalytic dissociation description to more complex molecules (e.g. CH4 and nitrogen oxides). For consistency, the catalytic dissociation of H2 is here reappraised in cylindrical symmetry (cf. the spherical geometry used previously [21]); the gas temperature profile returned by the new 2-D modeling leads to modest changes in the variation of H atom concentration, [H], with H2 pressure, p(H2). 

The present paper is structured as follows.  First, we reprise the broadly similar results reported previously for HF catalyzed dissociation of H2 and N2 (using the opportunity to document minor corrections to the earlier works [21,22]) and present new results for the catalytic dissociation of O2 which serve to highlight the universality of the two step dissociation mechanism – a key message of the current manuscript. Second, we consider the additional complications associated with studying the HF catalyzed decomposition of heteroatomic and polyatomic molecules; interpreting and modeling many of the experimental measurables is both challenging and subtle.  Finally, we provide a rationale for the experimental finding that the [N2(v=1)]/[N2(v=0)] population ratios (i.e. the vibrational ‘temperature’, Tvib) of HF-activated N2 is lower than that expected on the basis of local thermodynamic equilibrium in the near-filament region (i.e. Tvib is less than the local gas temperature, Tg), and higher than expected on this basis (i.e. Tvib > Tg) at large distances (d) from the HF surface [22].  This, at first sight surprising, spatial behavior of the N2 vibrational temperature provides further illustration of the need for a mutually self-consistent treatment of the gas-surface kinetics at the HF surface and the gas phase parameters (Tg and N2(v), or Tg and atomic concentrations in the case of catalytic dissociations) in the near-HF region. 

II. Catalytic dissociation of homonuclear diatomic molecules (H2, N2, O2) on an HF surface.

The two-step reaction mechanism 
S* + X2  SX + X,										(1)
SX  X + S*,										(2) 
with the energy scheme displayed in fig. 1 and appropriate reaction rate coefficients has been proposed previously to account for the catalytic dissociation of homonuclear diatomic species X2 (H2 [21], N2 [22]) on a HF surface. The mechanism involves four ‘effective’ reactions: molecular dissociation on a bare metal surface site S* (reaction 1), abstraction of an atom from an X-terminated metal site SX (reaction (1)), X atom desorption from an SX surface site (reaction 2) and X-addition to a free S* site (reaction (2)). The equilibrium populations [SX] and [S*] at any given p and Tf should be determined by the balance of these reversible reactions, consistent with the prevailing X atom and X2 concentrations and the gas temperature immediately adjacent to the HF surface. This is variously termed Tnf or Tg(d=0) in the present paper, depending on context. Under any particular equilibrium conditions (i.e. steady-state [S*] and [SX]), the net production/loss rates for [S*] and [SX] should be zero: i.e. {(R1R1)  (R2R2)} = 0. As shown previously [21,22], the imbalance in the rates Ri of the effective reactions (1, 1) and (2, 2) determines the net heterogeneous production rate of X atoms at the HF surface (i.e. the catalytic source term Q, with units of cm-2 s-1):
        (3) 
[X] and [X2] in eq. (3) are the concentrations immediately adjacent to the HF surface (i.e. [X(d=0)] and [X2(d=0)], respectively) and [S0] is the total surface site density per unit area, i.e. [S0] = [SX] + [S*]. Equations (1)-(3), together with the [X(d)], [X2(d)] and gas temperature Tg(d) profiles near the HF surface – hitherto determined analytically (in the case of H2 dissociation) and by 2-D(r,z) modeling (in the case of N2 dissociation) – provide a rationale for the non-trivial Tf and p dependences of the H [21] and N [22] atom concentrations measured at various d from, respectively, a Ta and W HF.  

Inevitably, the reactor design and dimensions, the gas pressures and flow rates, and the filament characteristics are all system specific. From the modeling perspective, however, the available data can be treated using one or other of two different models, key features of which are illustrated in figs. 2(a) and 2(b). Relevant experimental details, and the appropriate cylindrical (r,z) coordinate systems used in the respective models, are described at appropriate points in the text that follows. We start by applying an approach similar to that used previously [22] for the case of HF activated N2 to recent experimental data for the catalytic dissociation of O2 on an Ir HF [23], and also take the opportunity to present a number of minor modifications to the previously reported gas-surface reaction parameters for the catalytic dissociation of H2 and N2. 

Catalytic dissociation of H2. 

Table 1 lists rate coefficients and surface site binding energies derived for H2 dissociation on a Ta HF surface and the subsequent desorption of H atoms from hydrogenated sites SH. This analysis [21] enabled a self-consistent explanation of all of the available experimental data and served to resolve various apparent puzzles, including: 
(i) the activation energy for H2 dissociation was consistently found to be roughly half the H2 bond dissociation energy, i.e. EH2 ~0.5D0(H-H), as noted previously (without explanation) for a  range of H2 pressures when using Ta or W HFs [21, 24-29]; 
(ii) the saturation of the H atom concentration measured at a distance d from the HF once the H2 pressure p(H2) >10-20 Torr. Such saturation (which extends to a minor decline in [H(d)] upon increasing p(H2) further, to ~100 Torr) is completely contrary to expectations based on the ~5-fold increase in the number of H2-HF surface collisions and the ~5-fold decrease in the diffusional coefficient (D ~p-1) that accompanies an increase in p(H2) from 20 to 100 Torr.

At the outset, it is important to distinguish such measurements and findings from ultra-high vacuum surface science studies of H2 chemisorption on metal surfaces involving low gas pressures, low collision frequencies and low temperature surfaces. Such investigations are most sensitive to the minimum energy reaction pathways, with low (or non-existent) activation barriers (i.e. the reaction sequence illustrated by processes (1a) and (1c) in fig. 1). This limited sub-set of pathways are likely to constitute only a small fraction of all the gas-surface encounters occurring under the high pressures and high filament temperatures (p >1 Torr, Tf >2000 K) prevailing in most HFCVD reactors, however, wherein dissociative collisions with higher energy barriers (e.g. processes (1a), (1b) and (2) in fig. 1) are expected to dominate. The bond energies of two surface sites (D0(S–H) and D0(S–H)) in fig. 1 have been plotted in a way that highlights the energy conservation relationship dcH + D0(H–H) = D0(S–H) + D0(S–H), where dcH is an enthalpy of (exothermic) dissociative chemisorption. The use of two types of surface site (S and S) is for generality, but for illustrative purposes only. A real HF surface will display a wide range of surface and near-surface sites, with a spread of S–H bond strengths. The relevant bond energies D0(Ta–H) are not well determined, but our previous application of a two-step mechanism to describe the catalytic dissociation of H2 on a Ta HF [21] suggested that only D0(Ta–H) values ≥3.6 eV could be consistent with the various experimental data.

The equilibrium populations [SH] and [S*] and the catalytic source Q(p,Tf) for any given p and Tf in ref. [21] were determined by the balance of the reversible reactions (1) and (2), consistent with simultaneous analytical solutions of the conservation equation for concentration [H(d)] and the conduction equation for gas temperature Tg(d) in spherical (i.e. 1-D(r)) symmetry. [Note that eq. (9) in ref. [21] was type-set incorrectly.  The two terms in the numerator of this equation for Q should be separated by a minus sign.  This error carries through to eq. (13) in ref. [21], but all of the results presented in [21] were calculated using the correct versions of both eqs. (9) and (13)].

As illustrated in the present work (and in many previous studies) a range of HF geometries are used to activate gas samples and it is thus appropriate to assess the validity of the simple 1-D model used in our earlier study of the HF activated dissociation of H2 [21].  Thus we here expand on the previous work by providing analytical solutions for Tg(d) and the H atom mole fraction XH(d) assuming both spherically and cylindrically symmetric hot ‘near filament’ regions.  For the former, we treat the HF as a sphere of radius r0 with surface area SHF=4r02 (i.e. as used to approximate the short, coiled HF used in [21]) while, for the latter we model the HF as a cylinder of radius r0 with SHF=2r0L as depicted in fig. 2(a).  Clearly, this provides a better description whenever the length L of the coiled HF is much greater than the coil diameter dw (i.e. L>>r0=0.5dw). Integrating the equations for thermal conduction (with conduction coefficient  = aT b) and the H atom balance (with diffusion coefficient D ≈ СT f / N and neglecting thermodiffusional transfer and any purely gas-phase production or loss of H atoms) with the appropriate boundary conditions at the HF surface for H atoms (i.e. net source Q), gas temperature (Tnf ≡Tg(r0) = Tf  ∆T, where ∆T is a temperature drop [22]) and heat flux from the HF into the gas: yields the following radial dependences for cylindrical (eqs. (4a) and (5)) and spherical (eqs. (4b) and (5)) model HF geometries:
						 (4a)
			          		 (4b)
			 (5)
Pcond (in [erg s-1]) is part of the Ohmic heating power lost from the HF by gas conduction (gas heating) and the factor 1+bf = 1.06 is close to unity for H2.  a and b appearing in the expression for the thermal conductivity [erg (s cm K)-1] are, respectively, 232.5 and = 0.76 for H2, С = 1018 and  f = 0.7 in the diffusion coefficient D[cm2 s-1] and N is the gas concentration [21].  Note that the H atom mole fraction shows the same functional dependence (5) on gas temperature Tg(r) in both model geometries. The temperature profile for the real coiled filament used in the Bristol HFCVD reactor (i.e. a coiled Ta wire of diameter 0.025 cm, formed into a coil with outer diameter dw = 0.3 cm and length L  0.8 cm, SHF = 0.58 cm2, and Pcond = 28 W = 2.8108 erg/s for Tf  = 2440 K) should fall between the two limiting cases (4a) and (4b) assuming the equivalent SHF and respective radii r0 = 0.15 cm and 0.213 cm.  Such an expectation is confirmed in fig. 3, which compares the analytical profiles from eqs. (4a) and (4b) with the Tg(d=rr0, z=0) profile returned by a 2-D(r,z) model calculation. The model reactor geometry depicted in fig. 2(a), with z defining the long axis and the point (r=0, z=0) defining the center of mass of the coiled Ta wire, provides the most appropriate description of hot wire and near filament region in this particular case.

In contrast to the spherical geometry used in the earlier analytical treatment of H2 activation with a Ta HF [21], we here consider the gas temperature profile returned by assuming cylindrical symmetry (eqs. (4a) and (5)). Again, the base parameters used for a series of calculations for different p(H2) were: Tf  2440 K, ∆T = 490 K, and the catalytic source Q = 8.21019 cm-2s-1 for p(H2) = 20 Torr. The temperature at the measurement point, Tg(d=2 mm) = 1390 K (returned by the 2-D(r,z) model, fig. 3) is used in estimating XH(r) via eq. (5), thereby providing the following relation between the H atom mole fraction at the HF surface and at the point of the experimental measurements: XH(d=0, p=20 Torr) ≈ XH(d=2 mm, p=20 Torr) + 0.034. The solution of eqs. (1)-(3), for various p(H2), along with this more realistic description of the near filament dependence of [H(d)] and Tg(d), returns the decline in free site fraction [S*]/[S0] and the saturation of Q with increasing p(H2) shown in fig. 4. These results, which are broadly similar to those reported previously, again succeed in reproducing the observed saturation of the measured [H(d=2 mm)] once p(H2) > 10-20 Torr [21]. This study also highlights the different p(H2) dependence of the H atom concentrations measured at some fixed distance from the HF (e.g. at d=2 mm) compared with that measured at the HF surface itself (i.e. [H(d=0)]).  This difference is a natural consequence of the steep gradients in Tg(d) and [H(d)] in the near filament region which, as fig. 4 shows, are predicted to cause a >2-fold increase in [H(d=0)]/[H(d=2 mm)] ratio as p(H2) increases from 20 to 100 Torr (at Tf = 2440 K).  Such a pressure dependence (i.e. saturation of the catalytic H atom source term, Q, and of the H atom concentration at d ≥2 mm) whilst [H(d=0)] is increasing linearly with pressure is non-trivial. 

The Tf dependences of Q and of the [S*]/[S0] ratio returned by this approach are also non-trivial, and provide a rationale both for the often reported exponential increase of [H(d)] with Tf [21,24,25] and the finding of an effective activation energy for H2 dissociation on a W or Ta HF that is close to the minimum value (i.e. EH2=0.5D0(HH)) [21,24-29] permitted in any two-step reaction mechanism.  At first glance, this minimal activation energy (EH2~2.25 eV) might appear to contradict the higher activation energy (3.6 eV) for reaction (2) reported in Table 1. However, the catalytic source Q is not proportional to the rate coefficient k2, but to the difference in the rates of reactions (2) and (2) (i.e. to 2(R2R2) = 2(k2[SH]  k-2[S*][H]).  It is the temperature dependence of this difference (and thus the Tf dependences of [SH], [S*] and [H]) that provides the observed activation energy EH2, as discussed previously [21].

Catalytic dissociation of N2. 

A similar chemisorption-desorption reaction mechanism (Table 2) has been developed for the (far less efficient) dissociation of N2 on a W HF surface, again using a combination of experiment and 2-D modeling of a cylindrical reactor [22]. The experimental study, involving detection of N atoms much further (d = 9 cm) from a W HF (formed from a 30 cm length of 0.38 mm diameter wire, coiled into a filament of outer diameter dw = 0.3 cm and length L = 9 cm) by vacuum-ultraviolet laser-induced fluorescence (VUV LIF) at 120.1 nm [22,30], established the relation [N]~[N2]0.5 at p(N2)  0.75 Torr, above which [N] saturated. Modeling of the various trends in [N] in this HF reactor focused particularly on the conditions: 2500  Tf  2800 K and 0.112  p(N2)   12 Torr [22]. The most appropriate model geometry in this case is that shown in fig. 2(b), which defines the direction of gas flow, the locations of the HF and the atom detection regions and the cylindrical (r,z) coordinate system: z is the axis of the cylindrical reactor with total length  and radius Rc, and r is the radial coordinate, 0 ≤ r ≤ Rc.  

A 2-D(r,z) model involving numerical solution of the appropriate conservation equations for species, momentum and energy in cylindrical coordinates was developed [22] and calculations performed for a range of catalytic source terms Q2D over a range of Tf and p values in order to match the measured [N(d = 9 cm, p, Tf)] values. The most appropriate Q2D(p, Tf) function together with the respective [N(d = 0, p, Tf)] and [N2(d = 0, p, Tf)] distributions returned by the 2-D model were then used in a two-step reaction mechanism (Table 2) in order to obtain the Qreac(p, Tf) function (eq. (3)) that correlates with Q2D(p, Tf). N atom formation in this two-step mechanism can arise via dissociative adsorption at free S* sites and by desorption from terminated SN sites on the W HF surface. The optimized set of rate coefficients derived in this way is presented in Table 2.  [Note that the k01 and k0-2 values reported in ref. [22] should read k01 = k02 = 4.110-11 cm3 s-1 and that all results reported in that earlier work were obtained using these values].  The present values are slightly modified from those used previously [22], yielding a better match with the experimental data, but these changes have no substantive consequence for the results or the conclusions.  The appropriate range of bond energies D0(WN) for a W filament is not well known, and any real filament surface must display a broad spread of surface sites – e.g. WN (i.e. single-bond sites WN), two or three-coordinated adsorption sites like WNW, W3N, etc [31], and multiple-bond sites W=N, W≡N, etc [32] – with a range of WN bond strengths, chemisorption energies and transition state energies.  Analysis in terms of a two-step mechanism suggests that only bonds with energies in the range D0(WN)=7±0.35 eV can be consistent with the available experimental data [22,30]. 

As in the case of HF catalyzed H2 dissociation, both the measured and the calculated activation energy EN2 for forming N atoms is close to half the N2 bond strength, i.e. EN2~0.5D0(N≡N).  This is not a consequence of the gas phase equilibrium: 2N2 ↔ 2N + N2.  The 2-D modeling shows production and loss of N atoms via this gas phase reaction to be unimportant; the spatial distribution of N atoms is determined by the rate of catalytic dissociation of N2 on the HF surface and by the diffusional transfer of N atoms to (and loss at) the reactor walls [22].  This self-consistent approach based on the two-step reaction mechanism succeeds in reproducing not only EN2 and the measured [N, Tf] dependence at d = 9 cm [22] but also the observed p dependence, including the saturation at p(N2) >0.75 Torr, as shown in fig. 5.  As in the case of H2 dissociation, this approach also predicts a drop in the free site fraction [S*]/[S0] and saturation of Q with increasing p(N2) and serves to re-emphasize that the measured p dependence of the atom concentration at some fixed distance from the HF surface (e.g. d = 9 cm in this case) is not a good indicator of the p dependence of [N(d = 0)].

The presence of strongly bound N-terminated sites with bond energies D0(WN) ~7 eV leads to nitridation of a W filament surface under conditions of high Tf and p(N2).  As fig. 5 shows, the present modeling suggests [SN]/[S0] = (1[S*]/[S0]) ~90% at Tf =2680 K and p =12 Torr, but the catalytic N atom production rates are typically Q ~ 1014 cm-2 s-1, i.e. much lower than typical H atom production rates (Q ~1019-1020 cm-2 s-1 (fig. 4)), reflecting the very different molecular bond energies D0(N≡N)  9.76 vs D0(HH)  4.5 eV.

Catalytic dissociation of O2.  

The same approach based on eqs. (1)-(3), the energy scheme shown in fig. 1 and 2-D(r,z) modeling of the O atom concentration and Tg distributions in a cylindrical reactor of length 50 cm and internal diameter 10 cm is applied here to the case of O2 dissociation on an Ir HF.  The only dimensional difference between this coil and the W HF used in the previous studies of N2 dissociation is the wire thickness – dW = 0.5 mm in the case of Ir.  The experimental data involves measurements of O atoms from O2 decomposition on the Ir HF by VUV LIF (at 130.2 nm) at d = 9 cm, as functions of O2 flow rate (F(O2)) and Tf [23].  The reactor walls were coated with SiO2 in order to reduce heterogeneous loss of O atoms. 

2-D(r,z) modeling of the HF reactor employing the same coordinate system and model geometry as for HF activation of N2 (i.e. that shown in  fig. 2(b)) was performed for two filament temperatures (Tf  = 2100 and 2350 K) and for two flow rates: F(O2) = 1 standard cm3 per minute (sccm, resulting in p(O2) = 6 mTorr) and 0.2 sccm.  As in the cases of H2 and N2 dissociation, the O atom distributions are seen to reflect the balance between their catalytic production at the HF, diffusional transfer and loss at the reactor walls.  A typical value for the O atom loss probability at a quartz surface (= 7.5×10-4 [33]) was assumed in the modeling. The experimental study returned an increase in O atom concentration with F(O2) (e.g. [O] = 2.41011 and 4.41011 cm-3 for F = 0.2 and 1 sccm, respectively), whereas the 2-D modeling finds little variation in [O] with F(O2). Indeed, the measured [O(F=0.2 sccm)]/[O(F=1 sccm)] ratio can only be accommodated by assuming a reduced reactor pressure (p = 3.3 mTorr) at F = 0.2 sccm.  It is hard to exclude such a variation at these low flow rates and pressures, which are close to the base pressure of the evacuated reactor. Because of this uncertainty the modeling focuses on just two experimental regimes, Tf  = 2100 and 2350 K, with constant p(O2) = 6 mTorr and F(O2) =1 sccm, in order to establish the necessary catalytic dissociation sources Q(Tf).  Figure 6 shows calculated [O(r = 0, z)] profiles that match the experimental data given Q = 1.45×1015 (for Tf  = 2100 K) and Q = 6.48×1015 cm-2s-1 (for Tf  = 2350 K), and respective near filament temperatures Tnf  = 1325 and 1550 K. These profiles are inversely proportional to gas temperature (i.e. [O]~1/Tg(r, z)) – as expected for diffusion dominated regimes with weakly varying mole fractions of, in this case, XO(r, z): (the O atom mole fraction, XO is ~0.2-0.25% throughout the whole reactor volume at Tf  = 2100 K and ~1-1.3% at Tf  = 2350 K). 

The two-step reaction mechanism for O2 dissociation on an Ir HF shown in Table 3 has been derived to provide the Q(Tf) values obtained from these experimental and 2-D model results.  The range of IrO binding energies (D0(IrO) =3.78±0.78 eV) is taken from [34] and this value is assumed as the activation energy for O atom desorption, i.e. E2 = D0(IrO).  The O atom concentrations and the filament surface coverage ([SO] << [S*]  [S0] 1.36×1015 cm-2) are both so low under the prevailing experimental conditions that the rate coefficient chosen for the abstraction reaction (1) is unimportant, even if the activation energy E1 = 0.  To define the problem further, we assume E1 = {E2(D0(OO)E1)}, with D0(OO) =5.16 eV [23] and a value E1 ≥ D0(OO)E2 is assumed for the activation energy of reaction (1) – as in fig. 1.  From eq. (3) and the condition R1>>R1 we arrive at the following simple relation for the catalytic source Q ≈ 2R1 = 2k1[O2][S*]. Given this relationship and the low surface coverage under the present experimental conditions ([IrO] << [Ir*], Table 3), we can derive the reaction coefficient k1 = k01exp(E1/(RTf)) and the activation energy E1 from the measured activation energy for catalytic dissociation of O2, EO2 = 2.7 eV [23], i.e. k01 = 109Tnf0.5 and E1 ≈ EO2 = 62265 cal mol-1.  These parameters correspond to O2 dissociation probabilities 1 = 710-4 and 3.410-3 at Tf = 2100 K and 2350 K, respectively.  The present mechanisms imply catalytic dissociation efficiencies 1(N2) < 1(O2) <1(H2) (by comparing reactions (1) in Tables 1-3), albeit the metal is also different in each case.  By way of illustration, we derive 1(H2, Tf(Ta)=2400 K) ~1.410-2 and 1(N2, Tf(W)=2680 K) ~710-6.

The two-step mechanism for O2 dissociation on an Ir HF (Table 3) has a notable peculiarity under the present conditions: the reaction rates R1, R2, R2 and the catalytic source Q are barely sensitive to the choice of activation energy E2 (i.e. the binding energy D0(IrO)).  Increasing E2 from 3 eV to 4.6 eV [34] causes only minor changes in the population of free iridium sites [S*] (from almost 100% for E2 = 3 eV to 97% for E2 = 4.6 eV, at Tf  = 2100 K).  Such behavior is not found in the cases of H2 or N2 dissociation under the conditions studied, for which all four reactions and the relation E1 + E2 ~ D0(XX) (X = H, N) are important. 

III 	Catalytic dissociation of heteronuclear systems: CH4 and oxides of nitrogen. 

Given the success of the above two-step mechanisms in rationalizing the catalytic dissociation of homonuclear diatomic molecules on a hot metal surface, it is tempting to extrapolate the approach to consider larger, heteroatomic molecular systems.  A wealth of experimental and theoretical studies of CH4 dissociation have been reported [18,19,35-38], but many issues relating to CH4 dissociation on a HF surface remain to be resolved.  Extracting primary information regarding the catalytic dissociation of CH4 on a hot metal surface is complicated by the many accompanying processes, e.g. carburization of the HF [1,3,20,39], secondary reactions involving the decomposition products (CHx (x=0-3), H atoms), the range and diversity of the available surface sites, effects of CH4 vibrational excitation [18], loss of products at the reactor walls, competing gas phase reactions at higher gas pressures, etc.  

Any study of CH4 dissociation on a metal HF at high Tf  >2000 K would necessarily have to be conducted at low pressures (p << 10 Torr) in order to exclude complications from thermal gas-phase dissociation which becomes feasible at Tg >1400 K.  Luntz and Harris [38] suggested that the surface catalyzed dissociation of CH4 can be pictured using a quasi-diatomic model, with abstraction of the H3CH bond closest to the surface site.  Such an approach might encourage the view that, as in the case of H2, CH4 dissociation at high Tf  >2000 K and low p could be described using a two-step reaction mechanism with approximate reaction enthalpies H:
S* + CH4 ↔ SH + CH3   			H ~1 eV					(6)
SH           ↔ S* + H 		  		H ~3.6 eV					(7)

But many additional processes, e.g. reactions (8)-(12), could also be significant under any real experimental conditions: 
S* + CHx ↔ SCHx-1 + H ,        						 		(8)
SCHx-1 + H ↔ SCHx-2 + H2 									(9)
SCHx-1 + CHy-1 ↔ SCHx-2 + CHy 								(10)
SCHx-2 + CHy ↔ SC2Hx+y-3  + H 	(and/or  ↔ SC2Hx+y-4  + H2)				(11)
SCHx-1  ↔ S*  + CHx-1 	      								(12)
with x=2-4, y=1-4.  The H transfer processes in groups (8)-(10) will have low reaction enthalpies (e.g. 1 < H < 1 eV) for a W HF, and could constitute initial carburization pathways and provide a source of carbon atoms at the surface.  The bond energies D0(SCHx-1) of the metal-hydrocarbon surface sites could be quite high (e.g. >4 eV).  A previous kinetic study of the tungsten to ditungsten carbide conversion [39] hints at the complex gas-surface chemistry occurring at a W (W2C) HF in a low pressure of CH4 or a CH4/H2 gas mixture. For example, the sticking probability γ (defined in ref. [39] as the probability that a room temperature CH4 molecule striking the hot W2C surface would undergo complete decomposition to carbon and hydrogen) measured at Tf = 2610 K was seen to increase from 6.4×10–3 (in methane only) to 2.6×10–2 (in a CH4/H2 mixture).  This marked difference was attributed to patches of surface carbon, with low values of γ, that are removed upon reaction with hydrogen [39].  Other studies have also provided evidence that HFs operating in hydrocarbon gases display a complex, inhomogeneous surface composition [20,37]; ref. [20] invokes interaction with methyl radicals as the dominant route to carburization of a W HF.

There are further difficulties in using and interpreting much of the available experimental data relating to CH4 dissociation.  For example, Winters [35] estimated a CH4 dissociation probability CH4(Tf =2400 K, Tg =300 K) ~0.003 on a W hot wire and p(CH4) =710-6 Torr from mass-spectrometric measurements of the CH4+ and CH3+ ion signals.  The latter fragment ions could arise via direct or dissociative ionization at the electron impact energies employed (18 eV [36]).  This study also returned an activation energy for CH4 dissociation (ECH4) at Tf >1200 K of just 10.2 kcal mol-1 (0.44 eV) [35].  Various theories have since been proposed [38] to account for such low values of ECH4 and of CH4 (cf. H2~0.014).  

Careful inspection of the relative areas of the CH4+ and CH3+ peaks in the mass spectrometric sampling of a methane flow reflected from a W surface maintained at TW =298 K and at TW = 2423 K might indicate a substantially higher CH4 value, however.  Inspection of the data displayed in fig. 13 of ref. [37] suggests that the ratio of the CH3+ and CH4+ ion signals increases from ~0.12 at TW =298 K to ~0.17 at TW =2423 K.  Given the electron energy used ( = 13.5 eV, below the ~14.3 eV threshold energy for dissociative ionization of CH4 [40]) it is tempting to attribute the increase in this ratio to ionization of CH3 radicals formed via CH4 dissociation on the hot W surface at TW = 2423 K.  This would imply a dissociation probability CH4 ~0.05σi(CH4)/σi(CH3), where σi(CH4) and σi(CH3) are the direct ionization cross-sections of CH4 and CH3 at an electron energy of 13.5 eV.  Literature values [41,42] suggest that σi(CH4)/σi(CH3) could be ~0.2, implying CH4 ~0.01 (i.e. substantially larger than the earlier estimate [35]).  

The source of the observed CH3+ signal in the experiments performed with TW=298 K [37] is another concern.  If it is a signature of dissociative ionization, this would require a substantial spread (∆ >1 eV) in the electron impact energies.  As an alternative, could electron impact dissociation of CH4 (ED = 6.6 eV [40]) followed by electron impact ionization of the CH3 radical (ICH3 = 9.84 eV [40]), i.e. 
CH4 + e  CH3 + H + e 									(13)
CH3 + e  CH3+ +2e 									(14)
be a source of CH3+ ions when using a pure methane flow and low ( 10 eV) electron energies? At first glance, the probability of processes (13) and (14) would appear to be too low for this to be important.  However, CH3 radicals with the a near isotropic recoil velocity distribution (as a “hot” product of dissociation (13)) might traverse the ionizer region many times, with multiple reflections from the walls of the source chamber – thereby increasing the CH3 residence time substantially and the CH3+ signal.  Such multi-step dissociation/ionization processes could boost the relative detection probability of secondary (dissociation) products and further complicate the interpretation of the measured mass-spectrometric signals. 

One certain conclusion from reviewing the body of data relating to CH4 dissociation on a hot metal surface is that the number of possible gas-surface reactions and the range of surface sites are both greatly increased in the case of more complex (i.e. heteronuclear and/or polyatomic) incident gas phase molecules.  This can prevent detailed analysis of the dissociation mechanism, and/or render it too complex and overly specific on the particular reactor conditions.  By way of illustration, the catalytic dissociation of the heteronuclear diatomic NO [23] implies the existence of O and N-terminated sites on a HF surface, and the possibility of producing other nitrogen oxides.  Similar (maybe even more complex) considerations must apply in the case of N2O and NO2 dissociation on an Ir HF [23].  The evidence to date reveals no obvious correlation between the measured dissociation efficiencies (i.e. the O atom production rates), which grow in the order NO < NO2 < N2O < O2, and either the parent bond strengths (D0(NO) = 6.54 eV, D0(ONO) = 3.16 eV, D0(NNO) = 1.73 eV, D0(OO) = 5.16 eV) or the measured activation energies for dissociation (ENO = 3.42 eV, ENO2 = 3.41 eV, EN2O = 3.53 eV, EO2 = 2.69 eV) [23].

IV. Non-equilibrium vibrational state populations of N2 in a HF reactor.

Sections II and III contained no reference to the effects of reagent vibrational excitation on catalytic dissociation, though such effects have been reviewed in some detail for the case of CH4 [18].  Indeed, it is difficult to consider these effects within the frame of the developed mechanism.  As regards the heterogeneous production/loss of atoms, the rate of catalytic N2 dissociation derived here, Q ~ 1014 cm-2s-1, and thus the N atom recombination rate on the filament surface and/or the reactor walls is too low to be an effective source of N2(v>0).  Here we consider the vibrational excitation/de-excitation rates of N2 at a HF surface, and the non-equilibrium N2(v) population distributions observed in an HF reactor [22].  

H2(v) population distributions deviating from that expected on the basis of local thermodynamic equilibrium have been detected near the substrate in HF reactors during diamond CVD [43].  The finding that the H2 vibrational temperature Tvib exceeds the local gas temperature Tg was attributed to H atom recombination at the substrate, that results in production of H2(v>0) molecules.  2-D modeling of HFCVD reactor processes with such a heterogeneous source term included confirms this scenario [44]; the extent of vibrational non-equilibrium decreases with increasing distance from the substrate and disappears near the HF as a result of fast vibrational-translational (V-T) relaxation of H2(v) molecules in collision with H atoms at high Tg [45].  In this context, the effect of any possible source of H2(v>0) molecules at the HF surface (e.g. a source induced by the substantial temperature jump Tf >Tnf or by H atom recombination) will be reduced in the hot near filament region.  This complicates the elucidation of any possible role of H2(v>0) molecules in the catalytic dissociation of H2 under HFCVD reactor conditions. 

Relative to H2, HF activation of low pressures of N2 provides an opportunity to trace the presence and effects of vibrational non-equilibrium by virtue of the much lower rates of the V-T relaxation processes: the quenching of N2(v) through collision with N atoms is negligible as a result of the low N atom concentrations ([N] ~1010 cm-3 (cf. [H] ~1016 cm-3 in the case considered previously) and the low V-T relaxation rate with N2 molecules (kVT(N2(v) + N2) << kVT(N2(v) + N)) [46]. Thus the experimentally measured [N2(v=1)]/[N2(v=0)] ratios [22] together with complementary 2-D modeling can provide uniquely detailed insights into the unusual spatial distribution of Tvib(N2) in HF activated environments – as described below. 

The HF reactor and the procedure for detecting N2(X, v=0, 1) molecules via coherent anti-Stokes Raman scattering (CARS) spectroscopy have been described previously [22,47]. These studies employed a different reactor (of internal diameter 28 cm) and HF (60 cm of 0.38 mm diameter W wire, formed into a coil of length L = 9 cm and outer diameter dw = 0.3 cm). The separation between the wire and the detection volume was d = 2 cm. Vibrational population ratios [N2(v=1)]/[N2(v=0)] and rotational distributions (assumed Boltzmann, with temperature Trot) were obtained by spectral simulation.  The vibrational and rotational temperatures determined at d = 2 cm show Tvib > Trot ≈ Tg.  2-D [22] and 3-D model calculations aimed at rationalizing the N2(v = 0,1) population data have been undertaken for the following base conditions: Tf =2650 K, p(N2) = 12.75 Torr, F(N2) = 100 sccm, with due allowance for vibrational de-excitation/excitation via vibrational-translational/rotational (V-T/R) relaxation, i.e.
N2(v=1) + N2(v=0)↔N2(v=0) + N2(v=0), 						(15) 
for deactivation of N2(v=1) on the reactor wall (with probability γ10(wall)), and for vibrational de-excitation/excitation at the HF surface, i.e.
N2(v=1) + HF surface  ↔  N2(v=0) + HF surface,					(16) 
(with respective probabilities γ10 and γ01).  γ10(wall) has been reported to be ~4×10-4 for pyrex and ~7×10-4 for pyrex conditioned in active nitrogen [48].  We assumed γ10(wall) = 7×10-4, and varied the value of γ10 on the HF surface over the range 0<γ10<0.01.  As with the V-T/R activation/deactivation coefficient ratios, we assume that the excitation probability γ01 could be calculated as γ01=γ10×exp(Ev/Tf), where Ev=0.29 eV is the energy separation between the v=0 and 1 levels of N2.  Temperature jumps, T = Tf  Tg(d=0) ~ 200-900 K, and heavy nitridation of the HF surface could both lead to efficient N2(v≥1) production in collisions of “cold” N2(v=0) molecules with “hot” N atoms adsorbed on filament surfaces (i.e. SN sites) – analogous to the gas-phase T-V process, N2(v) + Nhot → N2(v+1) + N.

The spatial distributions of Tg and N2(v=0 and 1) concentrations returned by the 3-D model calculations for the above base conditions show that F(N2) has little effect on these distributions.  All results presented here were thus calculated neglecting flow effects and using a cylindrical 2-D(r,z) model of the (reduced) reactor volume together with the (r,z) coordinate system shown in fig. 2(a) – which offers a better reproduction of the coiled wire geometry and the near filament regions of interest. The z axis defines the long axis of the coiled HF, r is a radial coordinate and d = r0.5dw defines a distance from the HF surface; the point (z=0, r=0) is a center of mass of the W coil. The non-equilibrium thermal conductivity, diffusion, V-T relaxation of N2(v=0,1) on N2 (eq. (15)) and N2(v=1) production/loss at the HF surface (eq. (16)) and de-excitation at the reactor walls were all taken into account in the modeling and described previously [22]. 

Figure 7 shows spatial distributions of Tg and the N2(v=1) mole fraction (XN2(v=1)) calculated for the base p(N2) and Tf values, wherein Tnf =Tg(d=0) =2470 K (i.e. T = (Tf Tnf) =180 K). This serves to highlight the non-uniformity of the axial profiles Tg(z) and, particularly, XN2(v=1)(z) at d = 2 cm – i.e. along the approximate axis of the laser beams used for the CARS measurements of N2(v=1) and Trot(N2). As in most CARS experiments, it is difficult to define a precise length (along z) from which the measured [N2(v=1)](d,z) and Trot(N2)(d,z) signals derive. To illustrate the possible effects of this uncertainty, fig. 8 shows calculated distributions of Tg, of Tvib = Ev/(Rln([N2(v=0)]/[N2(v=1)])) and of the [N2(v=1)]/[N2(v=0)] ratio as functions of distance d for three different axial coordinates: z0 = 0, z1 = 3 cm and z2 = 4.5 cm. These 2-D model calculations provide an interesting illustration of vibrational distributions out of local thermodynamic equilibrium in a hot gas (even in the absence of any plasma processes). Even though the HF is a net source of N2(v=1) molecules (γ01N2(v=0) > γ10N2(v=1), γ01 = 0.0028, γ10 = 0.01), sub-thermal [N2(v=1)] concentrations and vibrational temperatures (Tvib(d,z) ~1600-1100 K < Tg(d,z)) are found in an ellipsoidal near-filament volume defined by d < dvib(z), 5.8 < z < 5.8 cm. This unusual sub-thermal equilibrium population of N2(v=1) molecules arises because the rate of diffusional transfer of N2(v=1) molecules from the hot region is faster than the equilibration rate by V-T relaxation via eq. (15).  dvib(z) is here defined as the distance at which Tvib(dvib,z) = Tg(dvib,z) and, as fig. 8 shows, dvib(z=0) = 2.4 cm, dvib(z=3 cm) = 2.2 cm and dvib(z=4.5 cm) = 1.7 cm. A counter consequence of this efficient diffusional transfer away from the HF is an over-population of N2(v=1) molecules and Tvib(d,z)~1100-600 K > Tg(d,z) in the cooler regions of the reactor (i.e. at d > dvib).  The present calculations locate the transition region with Tvib ≈ Tg ~ 1100100 K at d~2-3 cm, i.e. broadly consistent with the experimental results Tvib≈1100 K and [N2(v=1)]/[N2(v=0)]~0.05 at d~2 cm [22]. The calculated XN2(v=1) value falls below 1% at d >7 cm which, again, accords well with the experimental detection zone (d <7 cm) and detection level (~1%).

The measured [N2(v=1)]/[N2(v=0)] ratio (~0.05) is in good accord with the calculated value in the probed region (2 < d(z) < 2.5 cm, 3 < z < 3 cm), but the measured Trot(N2) value (~820 K) is 300-400 K lower than the calculated Tg in this region. Thus we have explored the possible effects of invoking a more pronounced temperature jump T=Tf Tnf than the base value (T = 180 K) chosen on the basis of conduction power measurements [21,22].  Even using a much larger T (500 K), however, the calculations still return excessive local gas temperatures (e.g. Tg(d=2 cm, z=0) =1106 K (cf. Tg(d=2 cm, z=0) =1240 K for the base T = 180 K).  To trace the possible effects of varying the gas-surface reaction rates, 2-D model calculations were also performed with reduced values of 01 and 10.  A 2-fold reduction in these values (to 01 = 0.0014 and 10 = 0.005) results in an increase in dvib (e.g. dvib(z=0) ~3 cm) – i.e. to an expansion of the volume in which Tvib < Tg. However, none of these variations of the parameters (01, 10, T) alter the principal finding (or the explanation) regarding the unusual regions in which the local vibrational and gas temperatures are out of equilibrium – i.e. Tvib < Tg in the near-filament region (near the surface source of N2(v=1) molecules) and Tvib > Tg in the colder regions of the reactor.

Conclusions
The proposed two-step reaction mechanism reduces the complex array of chemisorption and desorption processes involved in the HF-surface mediated dissociation of homonuclear diatomic molecules X2 (e.g. H2, N2, O2) to two effective reversible reactions describing X (X = H, N, O) atom formation by dissociative adsorption at bare S* sites and by desorption from terminated SX sites on the HF surface (reactions (1) and (2), respectively).  The derived catalytic dissociation sources Q are governed by the difference in the respective forward and backward rates of reactions (1) and (2).  The study demonstrates that it is necessary to consider not just the Tf and p dependences of Q but also the Tf and p dependences of [S*], [SX], the atomic concentration [X(d=0)] and the gas temperature adjacent to the filament (Tg(d=0)) in a self-consistent manner in order to explain the non-trivial behavior of the atomic concentrations probed at some distance d from the HF surface. This combined approach (i.e. two-step reaction mechanism plus analytical or 2-D modeling to determine the [X(d)] and Tg(d) profiles near the HF surface) succeeds in reproducing the experimentally observed saturation of [H(d = 2 mm)] and [N(d = 9 cm)] with increasing gas pressure p while simultaneously predicting the expected progressive increase of [H(d = 0)] and [N(d = 0)] with p.

The present approach predicts the existence of strong N-terminated sites on a W HF, with bond energies D0(WN)~7 eV, leading to nitridation of the W filament surface under conditions of high Tf and p (e.g. ~90% of all surface sites are predicted to be N-terminated at p(N2) = 12 Torr and Tf =2680 K).  The fraction of O-terminated sites on an Ir HF, in contrast, does not exceed 3% under the low pressure conditions explored in this study (p(O2) = 6 mTorr and Tf =2100-2350 K).  The derived rates of catalytic N atom production (typically Q ~ 1014 cm-2s-1 at p(N2) = 0.1-12 Torr (fig. 5)) are orders of magnitude lower than those for catalytic H atom production (Q~1019-1020 cm-2s-1 at p(H2)=1-100 Torr (fig. 4)) and less than that for O atom formation (Q1015 cm-2s-1 at p(O2) = 6 mTorr and low Tf =2100 K (Table 3)), reflecting the differences in bond energies D0(N≡N)  9.76 eV cf. D0(HH)  4.5 eV and D0(O=O)  5.16 eV.  Extrapolating such analyses to the catalytic dissociation of heteronuclear molecules like NO and/or more complex molecules (e.g. CH4, NO2, N2O) is complicated by the multiplicity of possible surface sites and the greater range of possible secondary reactions and products.










Rate coefficients ki = k0iexp(-Ei/(RTf)) for the two-step mechanism (reactions (1) and (2)) of H2 catalytic dissociation on a Ta HF surface (S = Ta), where R = 1.987262 cal (mol K)-1 is the gas constant. The last column shows the reaction rates Ri for p(H2) = 20 Torr and Tf  = 2440 K, providing a catalytic dissociation source Q  8.21019 cm-2 s-1 and a free site percentage [S*]/[S0] = 55.5%

i	Reactions	     k0i          	Ei / cal mol-1	Ei / eV	Ri / cm-2 s-1 
1	S* + H2 → SH + H	3.0810-12Tnf0.5  cm3 s-1	20755	0.9	8.81019

1	SH + H → S* + H2	1.510-11              cm3 s-1	0	0	4.71019
2	SH → H + S*	1.01013               s-1	83020	3.6	1.521020





Rate coefficients ki = k0iexp(-Ei/(RTf)) for the two-step reaction mechanism of N2 catalytic dissociation on a W HF surface (S = W), where R = 1.987262 cal (mol K)-1 is the gas constant. The last column shows the reaction rates Ri for p(N2) = 112.5 mTorr and Tf  = 2680 K, providing a catalytic dissociation source Q  1.21014 cm-2 s-1 and a free site percentage [S*]/[S0] = 68%.

i	Reactions	k0i	Ei / cal mol-1	Ei / eV	Ri / cm-2 s-1 
1	S* + N2 → SN + N	6.910-13Tnf0.5 cm3 s-1	63420	2.75	8.11013
1	SN + N → S* + N2	3.810-11           cm3 s-1	6690	0.29	2.01013
2	SN    → S* + N 	1.01013            s-1	161890	7.02	2.11014





Rate coefficients ki = k0iexp(-Ei/(RTf)) for the two-step reaction mechanism of O2 catalytic dissociation on a Ir HF surface (S = Ir), where R = 1.987262 cal (mol K)-1 is the gas constant. The last column shows the reaction rates for p(O2) = 6 mTorr and Tf  = 2100 K, providing a catalytic dissociation source Q  1015 cm-2 s-1 and a free site percentage [S*]/[S0] = 99.96%.

i	Reactions	k0i	Ei / cal mol-1	Ei / eV	Ri / cm-2 s-1 
1	S* + O2 → SO + O	10-9Tnf0.5    cm3 s-1	62265	2.7	4.91014
1	SO + O → S* + O2	2.4410-11   cm3 s-1	30440 	1.32	6.9108
2	SO    → S* + O 	1.01013       s-1	87170 	3.78	3.01015
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